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Introduct ion 
Current developments i n   j e t  engine technology are placing more 
s t r ingen t  demands on gas turbine design. There i s  a constant ly  in-  
creasing requirement for engines t o  develop greater  thrust  outputs .  
In  add i t ion  to  th i s  i nc reased  load ing  the  need to  r a i se  the  th rus t /we igh t  
ra t io  of  engines  and t o  improve t h e  f u e l  consumption has led  to  h igher  
rotor speeds and operating temperatures,  l ighter components  and corres- 
pondingly increased s t ructural  f lexibi l i ty .  In  ant ic ipat ion of  to-  
morrow's requirements,  further advanced knowledge of engine component 
technology must be obtained.( l )*  
In  the case of  rol l ing contact  bear ings there  i s  a need f o r  a 
better understanding of cage and r o l l i n g  element dynamics, pa r t i cu la r ly  
in  ul t ra-high speed appl icat ions.(2,3,4,5)  
Recently developed, advanced bearing theories have resulted i n  
computerized optimization of rolling element bearing designs and i n  
some cases accurate prediction of bearing performance. These develop- 
ments and advances by  no  means subs t i t u t e  fo r  t e s t ing  o f  ro l l i ng  element 
bearings which f o r  many years  was the basis for bearing development.  
To the  cont ra ry ,  the need f o r  more ref ined data  gather ing methods has be- 
come obvious. Tests a r e  needed to  ve r i fy  the  theo r i e s  which form the  
foundation of these computer programs. Also, performance t e s t s  and 
s tudies  w i l l  always be needed to  r e f ine  bea r ing  des igns  fo r  c r i t i ca l  
appl icat ions.  
The in t e rac t ion  between t h e  r o l l i n g  elements of a bearing with 
t h e  raceways and separators  is  p a r t i c u l a r l y  d i f f i c u l t  t o  measure due 
-"" 
"Numbers i n  parentheses designate references at  end of report .  
t o  t h e  r a p i d i t y  of t h e i r  motion. The kinematic behavior and the 
r e su l t i ng  fo rces  ac t ing  on a r o l l i n g  element/separator/raceway assembly 
could i n   t h e   p a s t   b e  measured only by tests where the operating condi- 
t i o n s  were dras t ica l ly  s impl i f ied .  
Separator Study Machine 
An opt ica l  bear ing  test  r i g  has been constructed t o   o p e r a t e   t h e  
bearing and make photographic records of the roll ing elements and 
separator behavior. Figure l a  shows an ove ra l l  view of t h e  machine as 
it i s  p r e s e n t l y   i n s t a l l e d   i n   t h e  Dynamics Laboratory of the Engineering 
Building a t  California State UnT%ersity, Northridge. The machine was 
o r ig ina l ly  assembled by Industr ia l  Tectonics ,  Inc. ,  Compton, C a l i f . ,  
and has been used in   i ndus t r i a l   bea r ing   r e sea rch ,  and i n  a bal l  motion 
s tudy  repor ted  in  (6) .  
The bearing test  r i g  i s  bas i ca l ly  a shaft supported by a p a i r  o f  
preloaded ba l l  bea r ings  at one end and the  t e s t  bea r ing  a t  the  o ther  
end. One f ace  o f  t he  test  bearing i s  exposed t o  a l l o w  free view of 
t h e  b a l l s  and the  separa tor .  Radial load was  a p p l i e d  t o  t h e  tes t  bearing 
by a hydraulic actuator through a cable loop over the bearing housing. 
The sha f t  w a s  driven by a 75 hp hydraulic motor through a geared bel t  
drive, giving speeds inf ini te ly  var iable  from 100 t o  15,000 r p m .  
Figure lb is a schematic of t h e  s h a f t  assembly. 
Lubr ica t ing  o i l  for  under  race  cool ing  and test  bear ing lubricat ion 
i s  supplied through a series of o r i f i c e s  from the  r ea r  o f  t he  test  
bearing. 
Due to  the  h igh  t angen t i a l  ve loc i t i e s  p re sen t  when a bearing i s  
ro t a t ed  at shaft speeds up t o  l 5 , O O O  r p m ,  conventional photograph 
techniques are inadequate. The d i f f i c u l t y  l ies in  ob ta in ing  photo- 
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graphs having sufficient resolution for analysis when very short  ex- 
posures  a re  requi red  to  f reeze  the  motfon of the bearing elements. 
This problem has been overcome by eliminating the gross rotational motion 
using a derotation prism. The r e su l t i ng  image thus presents  the differen-  
t ia l  motion between the separator  and the roll ing element,  enabling ob- 
servation and photographs t o  be made of an individual separator pocket.  
Derotation is  accomplished by synchronizing the rotat ion of  a Pechan 
prism a t  half-speed with the rotation of the  bal l  separator ,  thus 
causing the apparent image rotatbn and the  t rue  separa tor  ro ta t ion  
to  coincide.  T h i s  r e su l t s  i n  the  de ro ta t ed  image of the  a rea  of  in te res t  
being imaged on t h e  film plane of a camera. Light rays from the illumi- 
nated bearing are collected through the front window of the instrument. 
This window is  opt ical ly  coated to  re ject  ul t raviolet  energy produced 
by u l t r a v i o l e t  lamps, serving the circuit  for the prism speed control.  
From t h e  window, the rays t ravel  through col l imator  lenses  and the  
Pechan prism before they travel through the exit  lenses.  Their path 
i s  then deflected by mirrors which fold the image i n   d i f f e r e n t   d i r e c t i o n s .  
Figure IC shows light paths through the scanner. 
One l i g h t   t r a c e   t r a v e l s   t o  a beam s p l i t t e r  where approximately 
15 % of t h e  l i g h t  i s  re f lec ted  to  the  eyepiece  opt ics  to  provide  an 
image observable to the operator.  The balance of l i gh t  en te r s  t he  
aperture of the pulse camera. 
Alignment and posit ioning of the opt ical  e lements  ensure that  
the eyepiece observes the same image qua l i ty  and format as t h a t  which 
t h e  film sees.  
Another image i s  folded and demagnified i n  t h e  t r a n s f e r  l e n s  
assembly before it enters  the  camera. 
A derotated image of the luminous painted segment o f   t h e   t e s t  
bearing separator i s  opt ical ly  folded out  and directed toward an 
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image s p l i t t i n g  mirror swface wedce which propor t ions  the  l igh t  en ter in5  
two photomultiplier tube photocathodes. The e lec t ronic  s igna ls  from 
these tubes are used by the tracking system to  cont ro l  the  pr i sm speed .  
A tracking system holds the image of a selected point  at t h e  t e s t  
bear ing  separa tor  in  the  f ie ld  of  view. It w i l l  accommodate a var ia t ion  of 
up t o  10% of a f i x e d  r a t i o  of separator-to-shaft speed without loss of 
the  ab i l i t y  to  lock  on to  the  p rope r  pos i t i on  wi th in  one revolution of 
the  bear ing  re ta iner .  
It i s  necessary  to  sense  the  t racking  er ror  in  angular  pos i t ion  
of the derotat ion pr ism to provide an input for the servo system. This 
e r ro r  s igna l  i s  provided in  the form of  the  d i f fe rence  in  output  of 
two multiplier phototubes.  
A s ec to r  on the  bear ing  re ta iner  i s  coated with fluorescent paint 
and i l lumina ted  wi th  u l t rav io le t  l igh t .  An image of the  sector  of  arc  
i s  formed i n  a plane containing the apex of a mirror  surface wedge. 
The l i g h t  s t r i k i n g  t h e  two surfaces  of t h e  wedge is  r e f l e c t e d  and i l l u -  
minates the photocathode of the photomultiplier tubes. Rotation of  
t he  p r i sm re su l t s  i n  a displacement of the image and a consequent in- 
c rease  in  the  output  of one tube and decrease in  the output  of the  o ther .  
E lec t ron ic  f i l t e r ing  i s  provided to  discr iminate  between the  
s teady s ignal  due t o  t h e  u l t r a v i o l e t  e x c i t a t i o n  o f  t h e  phosphor and 
any in te rmi t ten t  exc i ta t ion  due t o  s t r o b e  lamps t o  reduce any interaction 
between t h e  level o f  l i g h t  s t r i k i n g  t h e  phosphor and t h e  e r r o r  s i g n a l  
produced by the photomult ipl iers .  
Four Chadwick-Hehuth Strobex lamps are flashed a t  the  16-frame- 
per-second camera ra te  to  i l l umina te  the  sepa ra to r  and t o  s t o p  t h e  
images of  the  pro t rac tors  on the  inne r  and outer  races  of the  bear ing  
so that angular posit ion information is  recorded on the photographs. 
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Four mercury vapor spot lamps wi th  u l t r av io l e t  f i l t e r s  i l luminate 
the f lourescent  patch for  the t racking system. 
The camera  used w a s  a Neyhard Enterprises model G - ~ L .  The camera 
f i l m  magazine accepts 100 or 200 foot  reels  of 35 mm film. The 
camera has a data box, the image of which i s  projected onto each 
f i lm frame. 
Test Bearings 
The bear ings  used  in  the  ba l l  to  separa tor  contac t  force  
invest igat ion were mainshaft  thrust  bear ings used in  the Prat t  and 
Nhitney TF 30 gas turbine encine,  par t  numbers PKA 506110 and PWA 
506111. Dimensions  and o ther  charac te r i s t ics  of  these  bear ings  a re  
given in Table 1. 
Separator Force Transducer 
A bal l  contact  force t ransducer  w a s  constructed on the bear ing 
separator by introducing a cant i lever  beam between two of the bear ing 
b a l l s .  The cant i lever  beam replaced a r ig id  sepa ra t ing  element so t h a t  
cant i lever  beam def lec t ion  would g ive  an  ind ica t ion  of  the  ba l l  
contact force.  A hole  w a s  d r i l l e d  through one of  the  s ide  ra i ls  of 
t he  sepa ra to r  t o  ho ld  the  f ixed  end of t he  can t i l eve r  beam. A notch 
t o  frame the def lected end of  the cant i lever  w a s  c u t  i n  t h e  o t h e r  s i d e  
rail opposite the hole.  Various beam cross  sect ions were used 
depending on contact forces and deflections encountered. A Teflon 
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rubbing block was cemented to  the  cen te r  po r t ion  o f  t he  beam t o  
make up t h e  normal b e l l  spacing dimension of  t he  r ig id  sepa ra to r  
element re?laced by the ball  force indicating beam. A dupl icate  
modification was i n s t a l l e d  a t  looo t o   t h e  f i rs t  t o  maintain separator 
balance. 
With the  sha f t  and tes t  bear ing  opera t ing  at  a speed and load 
condi t ion  to  be  inves t iga ted the  dero ta t ion  pr i sm was synchronized 
with the separator to produce a s ta t ionary  image of t he  de f l ec t ing  
end of  the  cant i lever  beam as t h e  b a l l s  and separator repeatedly 
moved throwh loaded and unloaded regions of the bear ing.  The 16  frame 
per second 35 mm instrumentation camera photographed the motions of the 
cant i lever  bean  def lec t ions  re la t ive  to  the  notch  in  the  separa tor .  
A s  ba l l  contac t  forces  may be expected to be a repe t i t ive  event  from 
revolu t ion  to  revolu t ion  the  re la t ive ly  slow framing r a t e  can be ex- 
tended t o  a very hich effective framing ra te  by taking a larce r.umber 
of  photographs  over many revolutions of the bearing. This gives 
frames covering 0 t o  360° t o  the aFpl ied load.  The a w l e  t o  the appl ied 
load was indicated by the Fosi t ion of  the cant i lever  beam r e l a t i v e  t o  a 
f ixed  pro t rac tor  on the bearing outer race.  Radial  loads were applied 
v e r t i c a l l y  a t  t he  360 ( 0 )  degree mark on t h e  p r o t r a c t o r .  S t a t i c  photo- 
graphs with the cantilever beam at  90,180, and no degrees  to  the  
ve r t i ca l  c l ea r ly  ind ica t ed  pos i t i ve ,  ze ro ,  and negative deflections 
consis tent  with the weight  of  19.05 mm (0.750 i n )  s tee l  b a l l s .  
Figure 3 shows one of  the  ba l l  contac t  force  t ransducers  as 
constructed. 
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Force Transducer Calibration 
The force t ransducing cant i lever  beam w a s  asserbled into tbe 
separator  with epoxy resin with the Teflon spacing element also 
epoxied i n  p l a c e .  The separator  w a s  h e l d  i n  a small -7ise and loaded 
with a wire hook pos i t ioned  a t  the  es t imated  ba l l  contac t  loca t ion .  
A s m a l l  weight pan and 6.35 mm (0.250 i n . )  b a l l s  were used to  load  
the  can t i l eve r  beam. Cant i lever  def lect ions were  photographed. 
Figure 4 gives  the  force-def lec t ion  re la t ion  for  the  s t i f fes t  cv l t i l ever  
beam used  (61.8 N/mm), The permanent  deformation  evident i n  Fig. 4 
d id  no t  a f f ec t  ba l l  fo rce  measurements as forces encountered did not 
exceed 27.5 N (6.21b. ) . Table 3 gives values of spring constant and 
bear ings used in  the course of  invest igat ion.  
Experimental Procedure 
The lubr ica t ing  o i l  used  throughout  the  tes t s  was a 5-centistoke 
neopentyl  polyol  ( te t ra)  es ter .  This  i s  a type I1 oil which  conforms 
t o  s p e c i f i c a t i o n  MIL-L-23699. Tes t  bea r ing  in l e t  o i l  was heated and 
c o n t r o l l e d   t o  485O K (150+2OF). - 
The Separator Study Machine bear ing  r ig  was s ta r ted  wi th  a 500 
l b  t h r u s t  l o a d  and brought up t o  speed, the desired load condition 
applied, the prism synchronized with the separator and 100 t o  200 
photographs  taken.  Film  used was  Kodak 2475 Recording  Film. It was 
c u t  i n t o  l e n g t h s  f i t t i n g  s t a i n l e s s  s t e e l  reels and developed i n  a 
small tank with HC 110 developer, dilution A ,  f o r  30 minutes a t  laboratory 
room temperature. This seemed to  g ive  images  of  adequate cont ras t ,  
with background fog just beginning t o  be noticeable on f r e sh  film. 
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Data Analysis 
After chemical processing of the fi lm was completed the  f i lm  wes  
respliced and each frame was numbered. 
The f i l m  was read with a Renson-Lehner model N-2 film reader 
capable of indicating 4 d i g i t s  w i t h  t h e  least  d ig i t  r e r r e sen t ing  
0.005 mm (0.0002 i n . )  i n  t h e  f i l m  image. The film images,  however, 
va r i ed  in  dens i ty  and sharpness from frame t o  frame due t o  v a r i a t i o n  i n  
Xenon f l a sh  in t ens i ty ,  du ra t ion ,  and j i t t e r  i n  f l a s h  i n i t i a t i o n  among 
the  four  Xenon f l a sh  tubes ,  as wel l  as from o i l  s p l a s h  i n  t h e  b e a r i n g  
chamber and on the bearing chamber window. 
Readings were taken by al igning a cross-hair  onto the lowest edge 
of  the  notch  for  R1, t h e  bottom of t h e  beam end f o r  R 2 ,  the  top  of  
t h e  beam end f o r  R 3 ,  and the  top  of  the  notch  for  Rh. The computer 
program l i s t e d   i n  Appendix I was used to  ca l cu la t e  d i f f e rences  
R 2 - R 1 ,   R 3 - R 1 ,   R b - R l ,   R 3 - R 2 ,   R 4 - R 3 ,  and R4-R2.  From R 4 - R 1  and R3-R2  
a consistency check w a s  a v a i l a b l e  t o  p u l l  out o r  correct obviously 
defective readings as the notch dimension and beam height should 
always  be  of  constant  value. After subtract ion of  undeflected (zero)  
readings,  the other four differences give four separate indications 
o f  t h e  beam de f l ec t ion  in  tha t  f i lm  frame. 
The computer program also calculated average values  of  notch 
s ize  for  the  photo  set and normalized the  def lec t ion  ind ica t ions  on 
the average notch s ize  to  compensate f o r  image s ize  var ia t ion  wi th  
focus  se t t ing .  It then  sca l e s  t he  de f l ec t ions  to  the  l i nea l  measured 
notch dimension. The def lect ion indicat ions are then mult ipl ied by 
the spring constant determined in the force transducer calibration, 
and are l i s t e d  and p l o t t e d  by a Calcomp p l o t t e r .  
Figure 5 i s  representat ive of photographs obtained. 
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It w a s  possible  to  determine cage to  shaf t  speed rat io  with some 
accuracy over 10 successive photographs of multiple shaft revolutions 
frnm the following considerations.  
The derotating prism i s  synchronized t o   r o t a t e  a t  half  the separator  
speed thus producing a s t a t iona ry  image of  the separator  to  be photo- 
graphed. Protractors which a r e  mounted on the  s ta t ionary  outer  race  
and on the  ro t a t ing  inne r  r ace  a re  v i s ib l e  in  the  pho tographs .  Four 
Xenon f lash tubes with a flash duration of 50 microseconds permit 
clear instantaneous photographs of the stationary separator and 
s top  the  motion of t he  p ro t r ac to r  images. Typically 100 t o  200 photo- 
graphs were taken at a cine frame r a t e  of 1 6  per second for each case 
investigated.  
In these photographs the angle turned through by the separator (cage) 
can be determined fromthe difference in angle on the  s ta t ionary  outer  
race  pro t rac tor  between two consecutive  frames. Thus,  
2A0 =A0 =ABo=(-)W wC A t  
P C  
(1 1 
ws 
where : 
Ae = true prism angle turned through 
A0 = t rue cage angle turned  through 
A8 = angle difference +3607 X number of revolutions 
P 
C 
between photographs 
- 'c = separa tor   to   shaf t   speed   ra t io   in   the   opera t ing   bear ing  
wS 
ws = shaft speed 
A t  = time between photographs 
The protractors  are  engraved with angle  increasing in  the direct ion 
of  shaf t  ro ta t ion .  The shaft  turns through a greater angle than does 
the separator; consequently, the cage photographs centered on the 
t ransducer  in  the  cage  show the inner race angles decreasing. The 
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t rue  angle  tha t  the  shaf t  has  turned  through in  the  1/ lc  second 
between successive frames may be determined from the  P r O t Y a C t O r  
angles photograDhed by 
A8s=Aeo-A8 st = ( 2 ) X s A t - r J  A t  
wS 
s 
where : 
A8 = angle difference on inner race protractor s between photographs 
% - O s  with i being the frame  number) i+i i 
A8 = true angle turned through by the  shaf t  in  t ime A t  s t  
From equation 2,  then Aest = AB - A e S ,  and W A t  = AO0, 
WsAt  = Aest so:  
0 C 
W 
C 
" 
wS 
- 
AO0 - AOS 
where A0 i s  a negative number. 
s 
Care must be taken in calculating angle differences A8 and 
0 
"s between  photographs and in using equation (3 ) .  Multiple revolutions 
of sha f t  and separator  occur  without  this  being apparent  in  the photo- 
graphs. A t  16 frames per second with a nominal value of 0.441 f o r  
W /W the ranges of angle differences given in Table 4 may be anticipated.  c s  
To obtain the true angle of rotat ion of  the cage between successive 
frames, it i s  necessary to:  
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I 
1. 
2. 
3.  
Subtract the angle read from the reference point  
of the separator in the photograph from t h a t   r e a d   i n  
t h e  i-1 frame. 
Determine t h e  number of full ro t a t ions  between 
frames using Table 4 .  
Add t h e  number of full ro t a t ions  to  the  d i f f e rence  found 
i n  s t e p  1. 
These cons idera t ions  led  to  the  cage /shaf t  speed  ra t ios  tha t  
appear on the  cage force figure captions and in the cage/shaft speed 
ra t io  versus  load  f igures .  
Results and Discussion 
This  invest igat ion was undertaken to experimentally evaluate 
b a l l  t o  cage contact forces. It was subsequently noted that information 
on cage t o  i n n e r  r a c e  land contact  force,  cage to  inner  race land operat ing 
clearance,  and cage t o  s h a f t  speed ratios could also be extracted from 
the data obtained. 
Bal l  t o  Cage Contact Forces 
The p r inc ipa l  results of t h i s  i n v e s t i g a t i o n  a r e  t h e  ball  t o  cage 
contact  forces  shown in Figures  6-8. These show t h e  ba l l  force on t h e  
cage as a funct ion of b a l l  locat ion in  the bear ing.  B a l l  locat ion i s  
measured clockwise from the centerline of t h e  radial load at 0' 
(360O). Table 2 summarizes the shaft  speeds,  loads,  spring constantsJ 
figure ident i f icat ion system, and loads used in  the invest igat ion.  
Different  spr ing constants  were necessary as the  inves t iga t ion  
progressed from 1000 t o  4000 rpm and to higher speeds. Larger forces w e r e  
encountered and cantilever deflections approaching the ball  to cage 
pocket clearance were observed. 
Data was obtained at  1000 rpm with a spring constant of 1.49 N/mm 
(8 .511b / in ) .  These forces  were small and  of similar na tu re  to  those  
at  higher speeds.  The 1000 rpm resu l t s  a re  not  presented  as  they  a re  
too  small t o  be v i s i b l e  on the  sca l e s  used to present the higher speed 
resu l t s .  Cent r i fuga l  force  a t  12000 rpm def lec ted  the  17.2 N/mm 
(98.2 l b / i n )  beam out to contact the cage so t h a t  f r i c t i o n  l i m i t e d  
the  motion of the  cant i lever .  
All t h e  d a t a  a t  12000 rpm was taken with the 61.8 N/mm (353 lb/ in)  
spr ing constant  cant i lever .  Some lower speed cases were a l s o  run with 
the larger  spr ing constant  cant i levers .  
Pos i t i ve  fo rces  in  the  figures are  those exerted by bal ls  tending 
to  acce le ra t e  t he  cage. Negative forces are those exerted by balls 
tending  to  re ta rd  or  decelerate the cage. In g e n e r a l  t h e  s t i f f e r  
can t i lever  beam deflect ing elements  indicate  greater  forces ,  with 
more sca t t e r  i n  the  f i lm  read ings .  
There does appear t o  be a cor re la t ion  between t h e  magnitude 
of the ball-cage forces measured and the  s t i f fnes s  o f  t he  beam. 
For a given load and speed condition the range of ball-cage forces 
i s  a l w a y s  lowest  for  the 4.73 N / m  beam and reasonably equal for the 
17.2 and 61.8 N/mm beams. 
This may be a result of a "fixed displacement" aspect of b a l l  
motion whereby ball-cage forces axe created when the cage constrains  
t h e   b a l l  from acce lera t ing  or  dece lera t ing  as ball  kinematic consi-  
derat ions dictate .  
Apparently the 4.73 N/mm beam p e r m i t s   t h e   b a l l   t o  move as it 
will with only minor interact ive forces  generated by the beam.  The 
forces generated by the 17.2 and 61.8 N/mm beams seem t o  be nearly 
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t h e  same. This may be an i n d i c a t i o n  t h a t  t h e  maximum poss ib le  
t r ac t ion   fo rces  have been developed a t  the ball-raceway contacts 
f o r   t h e   p a r t i c u l a r   l o a d  and speed condition. 
Table 5 tabulates the  va r i a t ion  in  fo rce  r ange  wi th  sp r ing  
constant. 
Figures 9 and 1.0 summarize the  va r i a t ion  of magnitude and location 
of cage forces with speed for radially loaded bearings.  Figure 11 
summarizes the  va r i a t ion  of magnitude of cage forces with speed for 
thrust  loaded bearings.  As might be expected the equWly loaded balls i n  
thrust  loaded cases do not show  much var ia t ion  in  cage  force  wi th  ba l l  
locat ion  within  the  bear ing.  
The approximately 1 lb.  negat ive force in pure thrust  loaded 
cases  ind ica tes  the  ba l l s  a re  dece lera t ing  ( re ta rd ing)  the  cage  uni -  
formly. This i s  consistent with the cage being driven by the higher 
speed shaf t  sur face  on which the cage i s  guided. 
Centr i fugal  force moves t h e   t i p  of the  cant i lever  beam out by a 
not iceable  amount i n  photographs  taken a t  12000 rpm. It i s  f e l t  t h a t  
the  rad ia l  cen t r i fuga l  def lec t ions  do not affect  the deflection charac- 
t e r i s t i c s  of  the beam in  the  t angen t i a l  d i r ec t ion .  It was reasoned 
tha t  the  por t ion  of  the  beam t h a t  i s  bent by t h e   b a l l  is  only  tha t  par t  
extending from a f ixed  end i n  one ra i l  of the  cage  to  the  center  of t h e  
bal l  pocket  where contac t  wi th  the  ba l l  t akes  p lace .  The la rger  por t ion  
of t h e  beam extends from the  center  of t h e   b a l l  pocket and through the 
other  rail of the cage. It i s  ac t ing  as a s t r a i g h t  p o i n t e r  t o  magnify 
the  de f l ec t ion  at the center of the cage pocket.  Over t h e  p a r t  of 
t h e  beam s t r e s sed  in  bend ing  the  r ad ia l  de f l ec t ion  is  s m a l l  compared 
t o  beam dimensions. 
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Cage to  Inner  Race Land Contact Force 
From the  da t a  of Figures 6, 7, and 8 it was poss ib l e  to  de r ive  
the  force  between the cage and i t s  guiding contact with the inner race 
land. This w a s  obtained by taking horizontal  and vertical  components 
of each force point  as  plot ted in  Figures  6, 7 ,  and 8. Adding v e r t i c a l  
and hor izonta l  forces  in  an 18 degree sector,  and dividing by t h e  number 
o f  fo rces  in  the  sec to r  gave the average force one of t h e  20 b a l l s  
would exert  on the  cage. The sum of the  20 ball  forces should equal 
t he  r e su l t an t  fo rce  tha t  t he  inne r  r ace  m u s t  exer t  on the cage. The 
angular location of the  resu l tan t  force  was obtained by tak ing  the  
arc tangent of t h e  r a t i o  o f  h o r i z o n t a l  t o  vertical force components. 
Figure 1 2  summarizes t he  magnitude and direction of the cage to inner 
race land force due t o  ba l l  contact forces for various speeds and loads.  
It should be noted that  this  did not  include the 3.5N (0.78 l b )  weight 
of the cage. 
Cage to  Inner  Race Land Operating Clearance 
Figure 13 shows the separat ion between the cage and the inner race 
as a function of location from the zero degree index on t he  s t a t iona ry  
outer  race protractor .  What appears in Figure 13 t o  be cage t o  i n n e r  
race contact may ac tua l ly  be a close approach or small c learance  tha t  
was  shadowed by the opt ical  angle  and project ion of t he  inne r  r ace  
image onto the cage image i n  t h e  film plane. It appears that  cage 
motion i s  somewhat e r r a t i c  i n  t h e  12000 rpm epeed case.  The t h r u s t  
loaded condition indicated an almost constant cage to  inne r  r ace  
clearance. A clearance was  v i s i b l e  i n  e v e r y  one of the photographs 
read for  the thrust  loaded case.  
The locetfon of the c w  t o  shaft caattmt Isracuted is pig. 138 
seems to agree with thst ef Fig. 12h. Figure 13c l i k a v i s e  q e e s  with 
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" 
Fig. 12b. Figure 13, however, indicates  cage to  shaf t  contact  some- 
where between 45 and 190 degrees, possibly centered at 120 degrees 
much of t h e  time, w h i l e  the corresponding point i n  Fig. 12b w a s  found 
t o  be located at 40 degrees. It would seem t h a t  t h e r e  are uncertain- 
t i e s  i n  t h e  cage force measurements and the5r locations that are not 
always averaged away by the simple device of calculat ing an average 
fo rce   pe r   ba l l  and adding the 20 b d l . t o  cage   forces   vec tor ia l ly   to  
a r r ive  at a cage to  sha f t  r e su l t an t  fo rce .  
Cage to  Shaft  Speed Ratios 
Figure 14 shows t h e  cege to  shaf t  speed  ra t ios  ca lcu la ted  by t h e  
method descr ibed in  the sect ion Data Analysis. It may be noted 
that data taken before January 12, 1977 ( a l s o  i d e n t i f i e d  by the spring 
constant of 4.7 N/mm) were taken with a PWA 506u1 bearing while the 
balance of the data w a s  taken with a PWA 506110 bearing. The 
different spring constants used may have influenced the cage motion 
through the i r  e f fec t  on cage forces. It i s  a l so  poss ib le  tha t  in te rna l  
bearing clearances changed due t o  changes in temperatures of bearing 
components. The bearings used were o f  sp l i t  inner  race  cons t ruc t ion  
with presumably some gothic arch to the inner race surfaces to prevent 
b a l l  contact with radid oil passages between the mces. 
Al data  obta ined  fe l l  between cage to  shaf t  speed  ra t ios  of 
0.465  and  0.433.  There was  a general  t rend for  cage t o  shaft speed 
r a t i o  t o  decrease with load. It would seem tha t  t he  loads  employed 
did not encourage skidding, and tha t  the  cage  to  shaf t  speed  ra t io  var ia -  
tions observed were due to  de f l ec t ions  of bearing components due t o  
load and temperature. 
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Conclusion 
Ball t o  cage contact forces were evaluated experimentally. 
They appear t o  be greatest  i n  radially loaded bearings operating 
at high speed, and are of the  order  of 25 N ( 5  l b )  at t h e  maximum.  
S t i f f e r   c a n t i l e v e r  beam deflect ing elements  indicated larger  forces ,  
however, the 17.2 and 61.8 N/mm beams gave comparable r e s u l t s .  
Resul tant  cage to  inner  race land forces  vary in  a similar manner 
with values up t o  20 N ( 4  lb) .  Resul tant  force as used here i s  
the vector  sum around the bearing of the average forces on each 
ball, and i s  equal  to  the vector  sum of cage t o  s h a f t  normal and 
tangent ia l  force  components. Cage to  shaf t  speed  ra t ios  ind ica ted  
that  the load condi t ions employed d i d  not encourage skidding. 
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T H R U S T  FORCE ( NEWTONS 1 tl0 
FIG. 14d 
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08000 R P M  12/31/76-1 12/31/76-2 12/31/76-3 K-4.7 N/WM 
[38000 R P M  1/18/77-1 1/18/77-2 1/18/77-3 K-17.2 N/WY 
A8000 R P M  02/22/77-6, 03/04/77-2, 03/04/77-1 K-61.8 N/YM 
I I I I I 
b 00  2 0 . 0 0  40.00 60.00 80.00 lb0,OO 1bO.00 140.00 
T H R U S T  FCIRCE ( NEWTONS 1 tl0 
FIG. 14e 
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012000 R P M  01/13/77-1, 01/13/77-2, 01/20/77-2 K - 1 7 . 2  N/MM 
2 I312000 R P M  02/01/77-2, 02/01/77-4, 02/01/77-5 K-61,8 N/MM 
I I I I I I 
IO0  20  IO0 40.00 6 b .  00" 80.00 100200 1 2 0 . 0 0  140.00  
THRUST  FORCE  (NEWT6NS 1 ~ 1 0  
FIG. 14f 
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Raceway Curvatures 
3earing Contact Angle 
aear ing Elat '1, Races 
3alls 
Cage Illat ' 1 
Cage P l a t i n g  
Cape P l a t  iny: 
Tnickness,  inches 
Ball & ilirlg S t a b i l i -  
za t ion  Temp. 
L d i S  
;nm,t.er 
Aonlinal Dia. , inches 
Allowable Variation 
i n  Any Inciiv. B a l l  
Dia. & Spher ic i ty ,  
inches 
I n t e r n a l  ? a d i d  
Clezrance" 
Axial Play inches 
Eiametral  Caye 
Clearance, ir:. 
Bearinp, Inner  E a . ,  
inches 
Bearint.; Outer Dia., 
inches 
Inner  Race Land 
D i a .  inches 
Outer Race Shoulder 
Dia., inches 
B a l l  P i t c h  D i a . ,  i n .  
Bearing Width 
Table 1 
Test  Sear ing Specif icat ions 
AK8-6415 (Ec  28-23) 
Si lve r  P la t e  Pe r  
AMs 2412 
.001-. 002 
600°F 
20 
0.750 
C.000020 max. 
.026 max.**** 
. m6- .  026 
5.343 min. 
6.077 max. 
&E-6415 ( R c  28-33) 
S i l v e r  P l a t e  P e r  
AMs 2412 
.001-. 002 
20 
0.750 
0.000020 max. 
.024 max**** 
.019-. 025 
4.33070-4.33045 
5.334 min. 
6.090 max. 
5.635 
1.1811-1.1761 
*Same as Total  Diametral  Clearance 
**Measured Under 60 l b  T h r u s t  Load 
***Measured Under 33 lb R a d i a l  Load 
****Measured Under 22 lb Thrust Load 
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Figure 6 
4000 RPM Nominal Shaft Speed 
Spring 
Figure  Constant Load 
6a 
6a 
6a 
6b 
6b 
6b 
6c 
6c 
6c 
6d 
6d 
6d 
6e 
6e - 
6f 
6f 
63 
6g 
- 
- 
N / m  
4.73 
4.73 
17.2 
61.8 
17.2 
61.8 
17.2 
61.8 
17.2 
61.8 
4.73 
4.73 
4.73 
17.2 - 
4.73 
17.2 - 
4.73 
17.2 - 
N 
360 
360 
667 
- 
360 
667 
667 
1330 
1330 
1330 
4450 
4450 
4450 
2220 
2220 
6670 
6670 
- 
- 
13350 
13350 - 
(Lb 1 -
80 Radial 
80 Radial 
80 Radial 
150 Radial 
150 Radial 
150 Radial 
300 Radial 
300 Radial 
300 Radial 
1000 Radial 
1000 Radial 
1000 Radial 
500 Thrust 
500 Thrust 
1500 Thrust 
1500 Thrust 
3000 Thrust 
3000 Thrust 
- 
- 
- 
Table 2 
SPEED, LOAD, AND SPRING  CONSTANTS 
I 
Figure 7 
8000 RPM Nominal Shaft Speed 
Spring 
Figure  Constant Load -
- N / m  
4.73 
17.2 
61.8 
17.2 
61.8 
17.2 
4.73 
4.73 
61.8 
4.73 
17.2 
61.8 
17.2 
61.8 
17.2 
4.73 
4.73 
61.8 
4.73 
17.2 
61.8 
N - 
360 
360 
360 
667 
667 
667 
1330 
1330 
1330 
4450 
4450 
4450 
2220 
2220 
2220 
6670 
6670 
6670 
13350 
13350 
13350 
(x) 
80 Radial 
80 Radial 
80 Radial 
150  Radial 
150 Radial 
150 Radial 
300 Radial 
300 Radial 
300 Radial 
1000 Radial 
1000 Radial 
1000 Radial 
500 Thrust 
500 Thrust 
500 Thrust 
1500 Thrust 
1500 Thrust 
1500 Thrust 
3000 Thrust 
3000 Thrust 
3000 Thrust 
Figure 8 
12000 RPM Nominal Shaft Speed 
Spring 
Figure Constant Load 
N/mm 
- 
61.8 
- 
- 
- 
61.8 - 
61.8 
- 
61.8-2 - 
61.8 
61.8-2 
61.8 
- 
- 
- 
61.8 - 
- 
61.8 
E. 0 
- - 
- 
360 80 Radial 
- 
- - - 
667 150 Radial 
- 
- - - - 
1330 300 Radial 
1330 300+2220N( 5001b) 
4450 1000 Radial 
4450  1000+2220N 5001b) 
- - (Thrust) 
- - [Thrust) 
2220 500 Thrust 
6670 1500 Thrust 
- - 
- - 
- - 
- 
13350 3000 Thrust 
Date Ins t a l l ed  
i n  Machine 
June 1976 
August 18, 1976 
Jan. 12 ,  1977 
Jan.  28, 1977 
Table 3 
SPRING  CONSTANTS AND BEARINGS USED 
Serins Constant  Bearing 
N/rmn Lb/in 
61.8 353.0 PWA 506110 
99 
P 
0 
0 
Aen r e v  
Table 4 
CALCULATEII NUMBER OF SHAFT REVOLUTIONS BETWEEN PHOTOGRAPHS 
0 t o  1 
1 t o  2 
2 t o  3 
3 t o  4 
4 t o  5 
5 t o  6 
A0 r e v  
s 
0 to -1 
-1 t o  -2 
-2 to -3 
-3 t o  -4 
-5 t o  -6 
-6 to -7 
-7 to -8 
0 t o  1,717 rpm 
1,717 t o  3,435 
3,435 t o  5,152 
5,152 t o  6,869 
6,869 t o  8,587 
8,587 to 10,304 
10,304 t o  12,021 
"For a c a c e  t o  s h a f t  s p e e d  r a t i o  of 0.441 
Table 5 
Force Ranges Measured 
Speed 
RPM 
4011 
4068 
4028 
4017 
4070 
4037 
4018 
4069 
4036 
4018 
4066 
4037 
4034 
3987 
4041 
3987 
4040 
3977 
8095 
8082 
8090 
8099 
8089 
8094 
8097 
8095. 
8084 
8078 
8085 
8063 
8087 
8000 
8070 
8000 
8035 
8000 
8063 
8063 
8023 
Thrust 
Load N 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2220 
2220 
6670 
6670 
13350 
13340 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2225 
2220 
2220 
6675 
6670 
6670 
13350 
13330 
13330 
Radial 
Load N 
360 
360 
670 
670 
670 
360 
1330 
1330 
1330 
4450 
4450 
4450 
0 
0 
0 
0 
0 
0 
360 
360 
360 
670 
670 
670 
1330 
1330 
1330 
4450 
4450 
4450 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Spring 
Constant 
N/rnm 
4.73 
61.8 
4.73 
61.8 
4.73 
61.8 
4.73 
17.2 
61.8 
4.73 
17.2 
4.73 
17.2 
4.75 
17.2 
4.73 
17.2 
61.8 
4.73 
61.8 
4.73 
17.7 
61.8 
4.73 
17.2 
61.8 
4.73 
61.8 
4.73 
61.8 
4.73 
61.8 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 
Force and Range 
N 
M a x  to Min 
2 to -2 
7 to -10 
8 to -8 
2.5 to -2.5 
7 to -ll 
10 to -9 
2 to -2 
5 to -12 
10 to -9 
2 to -2 
2 to -11 
5 to -10 
1 to -3.5 
-2 to -6 
1 to -2 
-2 to -4.5 
1 to -1 
-2 to -5 
5 to -4 
5 to -4 
20 to -18 
6 to -5 
12 to -ll 
1 5  to -11 
6 to -5 
11 to -10 
11 to 1-4 
1 t o  -3 
0 to -7 
3 to -12 
1 to -3 
-2 t o  -7 
2 to -17 
-.5 t o  -2 
-1 to -8 
-1 to -12 
ll to -10 
14 to -11 
12 to -13 
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Appendix I - Computer Program 
3 c  
31 
2 3  
3 
I 
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E C 3 - 2  
r;3 
4 - 2 r  
K 3- i i l  4 + -  
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2 7  
5 1: 
F 
bi 
F 35 
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"
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F 
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1; 
4 s c  
P h G L C  
3 5  
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